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Rate of Nitration of Benzene with Mixed Acid 
R. D. BIGGS and R. R. WHITE 
University of Michigan, Ann Arbor, Michigan 
The rates of nitration of benzene by nitric acid in mixed acid to produce mononitroben- 
zene have been measured in well-emulsified reaction mixtures in the temperature range 
from 34’ to 54°C. The acid-phase compositions ranged from 1.6 mole % nitric acid and 
27 mole % sulfuric acid to 35 mole % nitric acid and zero % sulfuric acid; the organic- 
phase composition ranged from 4 to 95 mole ’% benzene, and the relative extent of the 
acid and organic phases was varied from 25 to 80 volume ’% acid phase. 
The reaction rate based on the total volume of the reacting mixture is shown to be a 
function of the phase compositions, temperature;and volume % of acid phase. 
The nitration of aromatic hydrocarbons 
has been the subject of numerous investi- 
gations since nitrobenzene was first 
synthesized in 1834 from benzene and 
fuming nitric acid (13). However, only a 
few recent investigators have determined 
data which are useful for engineering 
applications (3, 4, 8, 9, 11, 12, 14). The 
uncertainties inherent in the reaction-rate 
data available at the present time led to 
this investigation of the variables affect- 
ing the rate of nitration of benzene in a 
continuous, stirred-pot reaction system. 
EXPERIMENTAL EQUIPMENT 
A continuous-flow, stirred-pot reaction 
system was used to study the variables af- 
fecting the rate of nitration of benzene with 
mixed acid. This type of apparatus possesses 
certain advantages that a batch reaction 
system does not have: that is, (1) large sam- 
ples can be collected without affecting the 
reacting system, and ( 2 )  neither the reaction 
rate nor the reactor compositions change 
with time when steady state conditions are 
achieved, the reaction rate being calculated 
from the steady state material balance. 
Figure 1 is a flow diagram of the apparatus. 
As shown in Figure 1, mixed acid and 
benzene flowed by gravity from the con- 
stant-head reservoirs ( I d ) ,  A and B, through 
the flow meters C and D and dripped into 
the feed lines E and F.  The Pyrex-glass 
capillary-tube flow meters C and D were 
used to indicate instantaneous flow rates of 
the benzene and acid feeds for control 
purposes. The feeds drained through the 
feed lines into the reactor G. The stirrer, 









driven by a variable-speed motor R through 
a sleeve bearing Q, kept the acid and organic 
phases in the reactor well emulsified. The 
product from the reactor overflowed into the 
separator M, where the two phases sepa- 
rated completely. The lighter organic phase 
rose to the top in the separator and over- 
flowed into the organic-product receiver L. 
The heavier acid phase settled to the bottom 
in the separator, where it was drained by the 
syphon tube N into the acid-product reser- 
A large glass battery jar J contained water 
which was maintained a t  a constant tern- 
With the exception of the stirrer assembly 
in the reactor all the apparatus was con- 
structed of glass. Flow rates were deter- 
mined by measuring the difference in vol- 
ume over a measured period of time in each 
of the calibrated reservoirs. Samples of the 
feed streams were taken from the drain in 
the bottom of each feed reservoir. Product 
samples were taken through the side tubes 
0 and P .  
A detailed drawing of the reactor is shown 
Pyrex glass and was designed to maintain 
a uniform emulsion of the acid and organic 
cal Company were mixed with distilled 
water to  obtain the desired feed-acid 
concentration. The nitric acid was water 
white and contained no lower Oxides Of 
nitrogen 
Reagent-grade benzene manufactured 
by the General Chemical Division of 
Allied Chemical and Dye Corporation 
was used in all the experiments. The mini- 
ufacturer CorresPonds to a m i n h u m  
purity of 99.53 mole %. 
voir K .  in Figure 2. The reactor was constructed of mum freezing point reported by the man- 













































































































Acid phase in 
reaction mixture Acid Benzene Acid Organic Reaction rate, 
feed feed product product g.-mole/ 
Reactor Overflow rate, rate, rate, rate, (hr.) (liter) 













































































































































































































*Rum 1 to 9 were made with old rmtor. 
perature by circulating cooling water 
through the coils I and by intermittently 
heating with an electric heater H .  The 
reactor temperature was measured by a 
copper-constantan thermocouple TC which 
extended into the center of the reactor. 
phases and a high degree of circulation of the 
contents. 
MATERIALS 
Reagent-grade sulfuric and nitric acids 
manufactured by the J. T. Baker Chemi- 
EXPERIMENTAL PROCEDURE 
In each experimental run the reaction 
system was brought to steady state condi- 
tions by operation for about 2% hr. at a 
constant reactor temperature and with con- 
stant feed rates. The approach of the or- 
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ganic-product density to a constant value 
within zkO. l% served as an indication of 
the approach to  steady state conditions. 
After steady state conditions had been 
achieved, samples of the acid- and organic- 
product streams were collected for density 
measurement and analysis. After the sam- 
ples were collected, the total volume of the 
emulsion and the volume of the acid phase 
in the reactor were measured. 
Standard methods fw analysis were used 
for the total acid, nitrous acid (15), and 
nitric acid (10). The sulfuric acid was cal- 
culated as the difference between the per- 
centage of total acid and the percentage of 
nitric acid. The organic-product sample waa 
washed with water, and the benzene was 
determined by density measurement after 
the sample was dried with calcium chloride. 
A qualitative test was made for dinitro- 
varied from 1,290 to 2,810 rev./min., the 
volume percentage of acid phase from 25 
to 79, and the temperature from 34.6" to  
53.7"C. The acid-phase coinposition was 
varied from 35 mole % nitric acid and 
0% sulfuric acid to 1.6 mole '% nitric acid 
and 27 mole sulfuric acid. The organic- 
phase composition ranged from-48 to  97 
mole yo benzene. 
TABLE 2. ANALYTICAL DATA 











































































































*Any quantity <0.005 wt. % was reported trace. 
ANALYSES 
The following analyses xere made: 
A. Acid feed 
1. Total acid 
2. Nitric acid 
R. Acid product 
1. Total acid 
2. Nitric acid 
3. Nitrous acid 
C. Organic product 
1. Total acid 
2. Nitric acid 
3. Nitrobenzcne 
4. Dinitrobenzene (qualitative test) 
Page 28 
mole % mole % mole 
acid-free 
HNO, %SO, HNO, H,SOA* CfiHfi CfiH~N02 basis 
5.36 24.1 9.21 trace 48.8 42.0 53.8 
4.70 24.9 8.91 0.005 43.8 47.3 48.1 
4.64 24.9 8.69 trace 44.8 46.5 49.1 
4.59 24.9 8.22 0.052 47.1 44.6 51.4 
4.64 25.1 8.31 0.062 47.6 44.0 52.0 
3.32 24.9 1.76 0.033 88.2 9.99 89.8 
3.08 24.6 1.85 0.028 85.5 12.6 87.2 
4.11 25.0 2.52 0.054 85.4 12.0 87.7 
4.17 25.0 3.45 0.068 78.8 17.7 81.7 
3.06 27.2 7.37 0.029 39.0 53.6 41.7 
3.15 27.2 7.80 0.010 35.8 56.4 38.8 
14.7 14.0 2.92 0.019 94.2 2.87 97.0 
30.5 4.19 10.2 0.027 77.5 12.3 86.3 
35.1 0 5.79 0 88.7 5.56 94.2 
34.3 0 3.79 0 93.7 2.53 97.4 
21.4 10.1 4.70 0.026 90.4 4.92 94.8 
7.07 21.1 3.18 0.034 86.4 10.4 89.3 
7.19 21.1 2.45 0.008 91.5 6.06 93.8 
7.38 20.9 5.78 0.033 73.8 20.4 78.4 
7.06 20.7 2.14 0.022 92.8 5.06 94.8 
7.00 22.2 1.96 trace 94.7 3.38 96.4 
6.11 21.0 4.06 trace 79.5 16.4 82.9 
34.2 0 9.08 0 78.3 12.6 86.2 
29.1 0 1.88 0 97.1 1.00 99.0 
4.96 23.4 7.06 trace 57.5 35.4 61.9 
12.4 15.1 3.42 0.052 91.2 5.33 94.5 
23.6 6.49 3.52 trace 92.9 3.56 96.2 
1.59 26.6 4.14 trace 38.3 57.6 39.9 
9.83 18.1 11.0 trace 58.7 30.3 65.9 
5.84 25.0 15.9 0.086 13.4 70.7 15.9 
4.38 25.6 2.90 0.012 85.1 12.0 87.6 
4.66 25.2 4.14 trace 76.3 19.6 79.4 
7.43 24.2 21.3 0.016 4.34 74.4 5.59 
5.03 25.2 4.36 trace 77.6 18.1 81.1 
benzene (2,  6). The nitric and sulfuric acid 
content of the organic product was de- 
termined from the wash water by the fore- 
going methods. 
Neither nitrous acid nor dinitrobenzene 
was detected in any of the runs. 
EXPERIMENTAL RESULTS 
The effects of agitation, phase com- 
position, phase ratio, and terpperature on 
the rate of nitration of benzene with 
mixed acid were investigated. Among the 
thirty-four runs the agitator speed was 
A.1.Ch.E. Journal 
Tables 1 and 2 present the operating 
conditions and analytical results, respec- 
tively, which were calculated for the 
thirty-four runs. Material balances for 
the over-all material flow, sulfur, and 
nitrogen were calculated for each run. 
The maximum deviation for the nitrogen 
balance was 4.1y0. The majority of all 
the material balance deviations was less 
than 2.0%. Detailed sample calculations 
of the experimental data recorded in 
Tables 1 and 2 are available ( I ) .  
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Fig. 2. Reactor. 
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Fig. 3. Effect of agitation upon reaction rate. 
DISCUSSION 
Test for Steady State Conditions 
Run 1 served to justify the basis for 
steady state conditions used for the 
majority of the runs. After the densities 
of two successive organic samples agreed 
within the set limits for steady state 
opcration, samples were taken of the 
organic and the acid products. The 
operation of the equipment was con- 
tinued for an additional hour, whereupon 
a second set of samples was collected. 
The uniformity of the emulsion in the 
reactor during steady state operation is 
indicated by the agreement for most of 
the runs of the volume percentage of acid 
phase measured in the reactor and that 
calculated from the product streams. 
Further evidence of uniformity was the 
agreement of the analyses of acid-phase 
aamples from the reactor and from the 
acid-product stream. 
Effea of Agitation 
The over-all reaction between benzene 
and nitric acid in mixed acid is the sum 
of the homogeneous reactions in the acid 
and the organic phases. Previous studies 
of aromatic nitration (11, 12) indicated 
that the reaction is essentially irrever- 
sible; therefore, the over-all reaction may 
be written 
LOG ( XN + I 56 Xs -0.23 X,) 
Fig. 4. Reaction-rate -composition correlation. 
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Under steady state conditions benzene 
transfers into the acid phase at the same 
rate as it is consumed in that phase by 
chemical reaction. Similarly, the nitric 
acid transfers into the organic phase a t  
the same rate as it is consumed in the 
organic phase. This situation can be 
expressed mathematically as 
Ro = Kdaaw - a o N >  (3) 
R A  = K B ( a 0 B  - a A B )  (4) 
Equation (3) represents the mass transfer 
of nitric acid, and Equation (4) represents 
the mass transfer of benzene. 
Substituting Equations (3) and (4) into 
(2) gives 
Since the terms in the brackets in Equa- 
tion (5) represent R A  and Ro respectively, 
Equation (5) may be written 
Increasing the degree of agitation by 
ncreasing the stirrer speed will reduce the 
resistance terms to mass transfer in (6) 
by increasing the transfer coefficients K B  
and K N  (5, 7). Thus if the stirrer speed 
is increased until the terms a A N / K z +  and 
a o , / K N  become negligible with respect 
to I l k A  and l/ko respectively, Equation 
(6) reduces to 
which gives the over-all reaction rate 
expressed in terms of activities of nitric 
acid and benzene in the acid and organic 
phases respectively. 
As a = r X  Equation (7) may be 
written in terms of activity coefficients 
and mole fractions as 
also as 
The effect of agitation on the reaction 
rate is illustrated in Figure 3, where the 
reaction rates for runs 1, 3, 4, 5, 10, and 
11 are plotted against the stirrer speed. 
One curve is for the reactor in which runs 
1 through 9 were made and the second 
curve is for the reactor (illustrated in 
Figure 2) in which the remainder of the 
runs were made. Each curve represents 
CORRELATION OF REACTION RATES 
Composition Correlation 
Equation (9) suggests that if mass 
transfer between the phases is eliminated 
as a variable, the reaction rate can be 
correlated as a function of temperature, 
the nitric acid concentration in the acid 
phase, the benzene concentration in the 
organic phase, the volume percentage of 
(,? -13.23) LOG (X, +1.56 Xs-0.23 X,) 
Fig. 5. Reaction-rate-composition-temperature correlation. 
approximately constant phase composi- 
tions and phase ratio. 
Figure 3 indicates that above 2,200 
rev./min. in either reactor the resistance 
terms to mass transfer were made 
sufficiently small to eliminate the stirrer 
speed as a variable affecting the reaction 
rate. The great majority of the thirty-four 
runs were made at stirrer speeds above 
2,200 rev./min. 
acid phase, and some function of the 
phase compositions. The latter variable 
is included because, in general, the term 
(YANYOB) is a function of composition. 
I n  Figure 4 the values of log R/XNX, 
are plotted as a function of log ( X N  4- 
1.56Xs - 0.23Xw) for all the data with 
a volume percentage of acid phase 
between 50 and 65%. All the data points 
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Fig. 6. Effect of phase ratio upon reaction rate. 
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straight line represented by the equation R = ~ ( x ,  + 1 . 5 6 ~ ~  
log - R = P log (XN + 1.56XS - o.23x,)px,x, (11) 
XNX, 
where P is the slope of the line, a function 
of temperature, and log I is the intercept 
when the straight line is extrapolated to 
a value of log (X, + 1.56Xs - 0.23Xw) 







Fig. 8. Correlation including effect of phase ratio as a quadratic function. 
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equal to zero. This general form of cor- 
relation was previously used to relate the 
rate of nitration of toluene with the phase 
compositions (3) .  
The empirical function (X, + 1.56XS 
- 0.23Xw)p correlates the effect of the 
temperature as well as an effect of com- 
position and can be considered as repre- 
senting the product of the activity co- 
efficients of benzene and nitric acid and 
the rate constant kA, as indicated by 
Equation (9). The term 
[(l - ?OVA + 21 
of Equation (9) is insensitive to tempera- 
ture over the 6% variation in absolute 
temperature covered in this investigation. 
Furthermore, the effect of phase ratio 
on the reaction rate indicates that ko is 
probably small as compared with kA. 
The correlation was presented in terms 
of the mole fraction of benzene in the 
organic phase on an acid-free basis for 
convenience only, as i t  makes little 
difference in the correlation whether the 
actual mole fraction or the acid-free mole 
fraction is used. 
Composition-temperature Correlation 
The three straight lines in Figure 4 
may be extrapolated to a common inter- 
cept, and the slope P of each line is found 
to be a function of temperature. The 
family of curves can be represented by 
the equation 
log- - ('F1 -- 13.23) log (X, 
XNXB 
+ 1.56X.y - 0.23Xw) + 10.24 (12) 
Equation (12) can be rearranged to give 
R = (1.73 X lo'o)>xNx, 
(13) . e8521/T--13 .23  In ( X n + 1 . 5 $ X s - O . 2 3 X w )  
The exponential function in Equation 
(13) is an empirical representation of the 
product ( y Y a N ~ o s k A )  in Equation (9). 
The data in Figure 4 are represented 
as a single straight line in Figure 5 by 
Equation (12). As previously noted, 
Equations (12) and (13) are valid only 
for a volume percentage of acid phase in 
the range from 50 to 65y0 acid phase. 
Effect of Phase Ratio 
In  an attempt to evaluate the extent 
of the nitration reaction in each phase, 
the volume percentage of acid phase was 
varied from 25 to 79. It was impractical 
to hold the phase composition constant 
while the relative amounts of the phases 
were varied, and it became necessary to 
correct the data for these differences. It 
was assumed that the effect of composi- 
tion and temperature a t  constant phase 
ratio was expressed by Equation (12) 
and that the effect of phase ratio could 
be accounted for as in Equation (9); 
the resulting expression was 
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The quantity R/xNxB(xN + 1.562, - 
0.23xW)8621/T-13.23 was plotted against the 
volume percentage of acid phase VA in 
Figure 6. 
According to Equation (14), the data 
plotted in Figure 6 should fall on a 
straight line, the intercept being equal to 
ko/kA and the slope being equal to 
(1 - ko/kA). This means that the slope 
can take on any value, positive or nega- 
tive, and that the intercept must be 
greater than or equal to zero. 
The straight line which most nearly 
satisfies the theoretical requirements is 
labeled as curve A on Figure 6. This 
indicates that the reaction rate in the 
organic phase is negligibly small com- 
pared with the reaction rate in the acid 
phase. Figure 7 shows a final correlation 
based on curve A of Figure 6. The equa- 
tion of the straight line representing the 
data in Figure 7 is 
R = (3.12 X 1O8)2N2BVA(~N 
+ 1.562, - O . 2 3 ~ w ) ~ ~ ~ ~ ' ~ - ~ ~ . ~ ~  (15) 
Although i t  was contrary to Equation 
(14), a parabola, curve B, was drawn 
through the data in Figure 6. Curve B 
gives a better representation of the data 
below, and a satisfactory representation 
of the data above, soy0 acid phase. 
Figure 8 shows a final correlation based 
on curve B of Figure 6. The equation for 
the correlation of Figure 8 is 
R = (1 -233 X IOs)~N~B(  V A  
+ O.0252VA2)(zN + 1.562, 
(16) 
- 0 .23x w ) 8 5 2 1 / T - 1 3  . 2 3  
I I \ 
01 0 2  0 
MOL FRACTION NITRIC ACID 
Fig. 9. Comparison of activity of nitric acid 
with rate of nitration of benzene. 
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Suen (16) reports that in the emulsion 
the acid phase is continuous above 33% 
acid phase and the organic phase is 
continuous below 33% acid phase. This 
inversion of phases might explain the 
fact that  the data points below 500/, acid 
phase in Figure 6 fail to substantiate 
function of acid-phase composition were 
drawn through the data. Equation (17) 
assumes that the vapor phase is an  ideal 
gas and fixes the standard state fugacity 
as the fugacity of the pure component at 
the temperature of the mixture. 
The rate of nitration of benzene is com- 
Fig. 10. Comparison of correlation with batch data of Suen. 
Equation (14). It is possible that the 
agitation supplied failed to produce a 
sufficiently fine emulsion near the inver- 
sion point to eliminate completely the 
mass transfer effects. 
However, three runs made at a volume 
percentage of acid phase from 30 to 337, 
and at stirrer speeds from 2,260 to 2,810 
rev./min. gave consistent reaction rates 
as illustrated in Figure 6. This agreement 
of rates indicates that the stirrer speed 
had no significant effect on the reaction 
rates in this range of volume percentage 
of acid phase. 
Equation (16) is empirical; however, 
the function 
( X N  + 1.56X.3 - 0.23XW) 8 5 2 1 / T - ' 3 . 2 3  
can be considered to represent the term 
(7AflOBkA) in the theoretical Equation 
(9). Activity coefficients must be evalu- 
ated by independent equilibrium meas- 
urements to verify this viewpoint, but 
only a limited amount of the necessary 
data is available. 
Lewis and Suen ( 1 1 )  reported some 
vapor-liquid equilibrium measurements 
for nitric acid-sulfuric acid-water mix- 
tures at 35°C. over a limited range of 
liquid-phase compositions. Activities of 
nitric acid in these mixtures were calcu- 
lated according to the equation 
and the dashed curves in Figure 9 illus- 
trating the activity of nitric acid as a 
A.1.Ch.E. Journal 
pared with the activity of nitric acid in 
Figure 9 where curves of constant R / X ,  
as calculated from Equation (16) for 
35°C. and 60% acid phase are drawn as 
the solid lines. The rate of nitration 
appears to be a function of the activity of 
nitric acid although the relationship is 
not first order, as assumed in the theo- 
retical equations. No further conclusions 
can be drawn from the comparison in 
Figure 9 because of the limitations of the 
equilibrium data. 
Comparison of Correlation wi th  S u d s  Data  
Reaction-rate data for the nitration of 
benzene with mixed acid was determined 
by Suen ( 1 6 )  in a series of batch experi- 
ments. A comparison of Suen's data with 
those of the authors is illustrated in 
Figure 10, where rates calculated from 
the conversion-time data reported by 
Suen are plotted with Equation (15). 
Although all the data reported by 
Suen were not used in calculating the 
results plotted, Figure 10 is considered to 
be an  objective representation of his 
results. A tabulation of these calculated 
rates is available ( 1 ) .  
Lewis and Suen ( 1 1 )  report, in addition 
to the batch data, the results from a 
study of the effect of phase ratio, or 
volume percentage of acid phase, in a 
continuous apparatus. These results indi- 
cate that there is a significant reaction 
rate in the organic phase relative to that 
in the acid phase. Values estimated from 
a published figure ( 1 1 )  are shown as the 
March, 1956 
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MOL FRACTION HNO IN ACID PHASE, X, 
Fig. 11. Distribution of nitric acid between acid and organic phases. 
Equation of line: X ~ O / X M N B  = 8 . 4 x x A .  
dotted line (curve C) of Figure 6. No 
explanation of this discrepancy can’ be 
offered since neither the original data 
nor the equipment details were published. 
Comparison with Toluene Nitration Data 
The data of this investigation permit 
a quantitative comparison with the rate 
of nitration of toluene (12). At 35°C. the 
rate of nitration of toluene under com- 
parable conditions of nitration ranges 
from 1.76 to 9.7 times faster than the 
rate of nitration of benzene in the range 
of acid-phase compositions studied. 
MOL PERCENT ACID I N  ORGANIC PHASE 
Fig. 12. Effect of dissolved acid on density 
of organic phase. 
CONCLUSION 
The rate of nitration of benzene with 
mixed nitric acid and sulfuric acid has 
been measured over ranges of phase com- 
position, temperature, and phase ratio 
that are of interest in commercial nitra- 
tion. Although it is not clear whether or 
not the effects of mass transfer have,been 
completely eliminated for all values of 
the phase ratio investigated, the data 
do in all probability represent limiting 
values of the reaction rate obtainable by 
ordinary means of agitation. For this 
reason Equation (16) is recommended for 
use in design calculations, but it should 
be used with caution in view of the 
difficulty of obtaining the same high 
degree of agitation in large-scale reactors. 
The distribution of nitric acid between 
the acid and organic phases is shown in 
Figure 11, and the effect of dissolved 
acid on the density of the organic phase 
is shown in Figure 12. The accuracy of 
the data upon which Figures 11 and 12 
are based is not high, but they are useful 
for the purpose of estimating these effects. 
NOTATION 
A = constant 
a A B  = activity of benzene in acid phase 
a A N  = activity of nitric acid in acid phase 
a o B  = activity of benzene in organic 
aoN = activity of nitric acid in organic 
phase 
phase 
B = constant 
e = 2.718 
I = constant 
K B  = mass transfer coefficient for ben- 
zene transfer, g.-moles/(hr.) (liter) 
K N  = mass transfer coefficient for nitric 
acid transfer, g.-moles/(hr.) (liter) 
ICA = reaction velocity constant for acid- 
phase reaction 
ko = reaction velocity constant for or- 
ganic-phase reaction 
P = constant 
R = reaction rate, g.-moles/(hr.)(liter) 
T = temperature, OK. 
V A  = volume percentage of acid phase 
VO = volume percentage of organic 
X A N ,  XN = mole fraction of nitric acid in 
xB = mole fraction of benzene in organic 
xM = mole fraction of nitrobenzene in 
x O B  = mole fraction of benzene in organic 
zON = mole fraction of nitric acid in 
xs = mole fraction of sulfuric acid in 
xw = mole fraction of water in acid 
TAN = activity coefficient of nitric acid in 
yoB = activity coefficient of benzene in 
phase 
acid phase 
phase, acid-free basis 
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